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Executive Summary

This report serves to assist The City of Frederick in making future planning dealsautghe Frederick
City Watershed, a 7,000 acrfierested property just west of the cityspecifically, this report will address
the question of how the Frederick City Watershed will be impacted by anticipated shpftsdipitation
and extreme weather events due to climate change.

To assess the pottial impacts that climate change may have on the Frederick City Watershed, climate
modelswere applied to the watershed area and a forecast of several climate variables such as
temperature, precipitation, snowfall, runoff, evapotranspiration and wind speere evaluatedThe

data used for forecasting climate change impacts was taken frorDtvenscaled CMIP3 and CMIP5
Climate and Hydrology Projectiongbsite(Maurer et al, 2007; Reclamation, 2014). Thedatasets ainto
providea set of high resolutiorhiascorrected climate change projectionfhesecan be used to

evaluate climate change impacts on processes that are sensitive tesfiaé climate gradients and the
effects of local topography on climate conditioffsvo scenarios were projected: tiReP 4.5 bumess
asusual trajectory, andRCP 8.5 worst case emissigagnarioln addition to the climate modeling, an
extensive literature review of potential climate factors on ecosystem services was conducted.

Under both modeling scenarios, temperadgrare predicted to increase significantly across seasons and
over the course of the century. Precipitation will remain fairly constnt the greatest increase will

occur in winter and springnore of the precipitation will fall as rain rather than as snow. Runoff and soll
moisture is expected to increase slightly during the winter and spring for both emissions scemhii®s
evapotranspiration is expected to see significant increases isgghag, summer and fall. The models
project no change in wind speed.

Overall, the resultsemonstratea significant increase in temperatymghich wouldseasonallaffectthe

duration andtype of precipitation, evapotranspiration, soil moisture and run@hanges in these

variables translate to specific implications for the Frederick\@agershed ecosystenincluding

decreased water quality due to increased storm water ruraffincreased spread of invasive plant

species, ana risein plant diseases.

Ly 2NRSNJ G2 SFFSOA@Ste Yrylr3aS ¢KS /A& 2F CNBRSN
anticipated changes in climatic variables. Given the model projecfidresCity of Frederick should

consider the following management techniques for the City of Frederick Watersbiit to aeating

a Frederick Cityatershed water balance modéficorporate regional water maagement and storage
strategiesjmplement sbrm water management techniquesjonitor water quality and preparefor

increased pest outbreak¥hesed dzZ33Sa G SR YI yIF 3SYSy il YSI adz2NBa gAtf a
and ensure that The City of Frederick willdide tocontinually provide adequate sufis under both

current and potential future climate change conditions.



ForecastingClimate Changeémpacts onthe Frederick City
Watershed

Asglobal climate change spurs risitegnperaturesaround the globe, experts predict a surgdhe
frequency andntensity oflocalized dextremes weather eventsFaced with a future of erratic weather
patterns governing bodies are being forcedaddressseriousissuessurrounding water management
Thisreport servedo assistThe City of-rederickn making futureplanning decisionsJecifically,it will
address the question dfow the FredericlkCity Watersheavill beimpacted byanticipatedshiftsin a
number of climatic variableand extreme weather events due to climate changsing downscaled
climate modelingrojections andan extensive literature reviewthe forecastedeffects of future climate
change on thd-rederick City Watersheate presented andheir impactsanalyzedn order to offer
management recommendations

This project inherently f&tinto the larger conservation challenge of understanding how the effects of
climate change arnfluencingmanagement techniquess communities around the glolaelapt tonew
environmental conditionsBecausehe City of Frederick uses tWatershedfor recreation and as a

source of drinking water for th@lty, it is imperative that management officials know what to expect
under projected climate change scenarios. Warmer temperatures and intense sporadidrainfal
exacerbated byncreased demand for resoursgor exampét mayrequire specialized water
managementechniques.The goalof this reportisto project these changes as specifically as possible, in
order to meet future demands and encourage the best management practidbe &frederick City
Watershed

Background

The Frederick Municipal Forest Watershed, located upstreatheoCity of Frederick, is approximately
7,000 acres of hillfforested area rising sharply above the surrounding Piedmont plain. This forested
area, which will be referred to as therederick City Watershed, is an important contributor to @Gel & Q &
drinking water supply and thereforevital to the weltbeing of theCA (i e<i@nt populationCurrently

The City of Frederi€ksource water supplies come from three main surface sources; the Upper
Monocacy River, Linganore Creseid Fishing Creek Reservaoir.

The Monocacy is the largest Maryland tributary to the Potoritae drainage area above tiga G & Q &
intake on the Monocacyiter includes approximately 448,000 acres (700 square miles) of mixed land
use, of which approximately 45 percent is agricultural, 41 percent forest and 14 percent urban use
(Upper Monocacy River Watershed Report 2012). The City of Frederick only owal jpostion of land
surrounding the intake structure and water treatment plant. In addition to the densely populated urban
center, the major transportation corridors of U.S. Highway 15 and state Highways 194, 26 and 140 are
also located within the waterstie(SWA Frederickyhe mixed use of land upstream of te (1 & Q &
intaket both agricultual and dense urban area leavesthis tributary particularly vulnerable to runoff
from concentratedimpermeable surfaceand could cause water quality concerns.
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with Lake Linganore acting as the largest impoundment in the coliriyasthe capacity to store over

800 million gallons of watdiSWA Linganore 2004he source water protection area for Lake Linganore
encompasses 52,000 acres (85 square miles) of mixed land use, predominantly cropland and forested

land (SWA Frederick). Based on 2000 land use data, 11.2 percent of the watershed is characterized as
low-density residential, 48.6 percent as cropland and 27.6 percent as forest (SWA Linganore 2004). A
comparison between 1990 and 2000 land use data showed significant changes as increases in residential
land usereduced the acreagef cropland in the watershe(SBWA Linganore 2004).

Lastly, the third largest surface water source is Fishing Creek Resetvolr lies mostly within the
Frederick City Watershed and has a current capacity of 50 million gallo@source water protection

area for the Fishing Ce& Reservoir watershed encompasses 4,775 acres (7.4 square miles) above the
reservoir and two streams, Fishing Creek and Little Fishing Creek, drain into the reservoir (SWA
Frederick). Land use within the watershed is almost entirely forestesked on 199 land use data for

the reservoirs, 0.8 percent is residential, less than 1 percent is cropland, 98.8 percent is forest and 0.3
percent is open water (SWA Frederick). Specifically, The City of Frederick owns 3,065 acres of land in the
watershed of FishinGreek Reservoir and the land is part of the Frederick Municipal Forest (SWA
Frederick). There are no residences adjacent to the resemafew residences in the areae sparsely
distributed along Little Fishing Creek Road and Gambrill Park Roach thighéource water protection
area.Due to the forested protection of this watdraed, the Fishing CreeReservoir is the least likely of

the three water sources to be impacted pgtential contaminants

The City of Frederick, like the rest of Frederick County, has a humid and temperate climate with an
average temperature of 50F and an average precipitation range between 44 and 46 inches (SWA
Linganore 2004). Thtaree main surface watesources discusskeabove depend on this reliable climate
in order to maintairthe ecology, soils and geology of the watershetich are necessary for supplying
high quality water to the cityFor exampleas described abovepth the Lingaore and Monocacy
watersheds areurrounded by large amounts of agriculture and concentrated urban aeegs

increases in infrequent and high rainfall events would significantly increase erasion and pollution for
these watershed§Versar, Inc., 2013Yhereforez 1 KS YIF Ay i Syl yO0S 2F GKS OAlec
the ecosystem services of the surrounding at€aowing this historical baseline information enables
managers to plan for any shifts that may occur in temperature or average precipitatibwiaat effects
those shifts might have oie cityQ&d RNA Y { Ay 3 6+ G§SNJ adzLlL)x & @

t N22SO0AY3a OfAYIGAO O2yRAGAZ2YE YR RSIUSNNVAYAY3I 6K
environment in the future is an incredibly difficult task. Using climate models tlkatiteo account a

wide range of variable inputs, scientists are able to determine future scenarios with some level of

certainty. To assess the potential impacts that climate change may have on the Frederick City

Watershed existingclimate modelavere applied to the watershed area and a forecast of several

climate variables such as temperature, precipitation, snowfall, runoff, evapotranspiration and wind

speed were evaluated. In addition to the climate modeling, an extensive literature revieviawitiad

climate factors on ecosystem services was conducted.



Methods

Climate Modeling

For the purposes of the Frederick City Watershed projeatas important that theclimatemodel be
free, widely used, reliable and at a high enough resolution thatéiselts accurately reflect The City of
CNBRSNAX O] Q& LI ( STyieidata dsed Fodiarezisiing dirdefeybiia Ndpacts was taken
from the Downscaled CMIP3 and CMIP5 Climate and Hygirdtoojectionsvebsite(Maurer et al, 2007;
Reclamation, 2014). These ardased orhigh resolution translations of climate projections that use
statistical downscalin¢Reclamation, 2014).The dataset is comprised of downscaled climate scenarios
for the United States that are derived frogiobal climate projectionffom the World Climate Research
Programme's (WCRPGpupled Model Intercomparison Project Phase 5 (Taylor et al. 2012).
projections were generated using a set of global climate médedg collectively reflecthe
advancemergin climate sciencandintegrated assessment modelifig orderto characterize future
developments in global greenhouse gas (GHG) emisdibese are conducted across the four
greenhouse gas emissions scenarios known as Representativen@atioa Pathways (RCPSs)
(Meinshausen, et al., 2001 peveloped for the Fifth Assessment Report of the Intergovemial Panel
on Climate Change.

Data wasselectedfrom the Downscaled CMIP3 and CMIP5 Climate and Hydr8laggctions Project
datasetsfor the smallest area that contains the entire Frederick City Watersioeidclude theFiding
Creek, Linganore Creakd the Monocacy Rivelhe selected tributary area contains 12 cells of 1/8
degree latitudelongitude (~12k by 12km) and an approximated area of 688(in785 kni)[ See Fgure
1].

Specifically, the data for the following variahlegich through literature reviewsare believed to have
the most significanimplications for how the Frederick City Watershed may be most efficiently managed
under climate changeyere analyzed

Surface air temperature, monthly mean and minimum and maximum(°C)
Precipitation, mean daily rate during each month (mm/day)

Snow waterequivalent in snow pack, state of 1st day of month (mm)
Total runoff depth, sum of surface runoff and base flow (mm)

Soil moisture content, state 1st day of month (mm)

Evapotranspiration (mm)

Mean wind speed (m/s)

= =A== =A== g

! For WCRP information, see http://www.wariimate.org/. For CMIP5 information, see http://cmip

pcmdi.linl.gov/cmip5/.

’YydzidA wods YR Wo {SRft 6S1=S HAMHO® awz2odzaidySaa FyR ! yOS
Nature Climate Changdoti 10.1038nclimate1716.

®van Vuuren, D.P., et. al, 2080¢ KS WSLINB&ASY (Gl GABS /2y OSy NI A2y tIl(Kgl &a
109:531.
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Fgure 1: Tributary area. Area of study selectedontains 12 grid cells of 1/8 degree-lahg and approx. 689 mi2

The forecasts lookt only two of the fourscenarios, RCP5and RCP.B. The RCP.8 emissions

scenario is a conservative/businessusual tragctory, while RCP.Bis a worst case emissions scenario
The dataset includes downscaled projections from 70 models, as well as a suite of statistics calculated
for each RCP from all model runs available, whicreveseraged for the purposes of tiigrecast
projections.While every effortwastaken to limit uncertainty to as small a degree as possible, the nature
of climate predictions are inherently uncertain. The information ultimately provided here is based on
the best work and the best models aladble at the timeto address ths question How will the Frederick

City Watershed banpacted byshifts in precipitation and other extreme weather events due to climate
change?

Literature Review

Several reportsvere used taunderstandthe effects offuture climate change on plant species and water
resourcesincludingthe Water Resources Eleme(ithe Frederick County Division of Planning, 2010)
the Frederick County Stream Survey 28081 Fowyear ReportVersar, Inc., 2013)he Source Water
Assessments for City of Frededkater Supply Program Water Management Administraticamyl

annual water quality reports Theliterature review wagprimarilyused to understand thékely role
variousclimatevariables may have on the watershed water quality.

In addition the literature reviewhelpedassess the projecteeiffects climate changmayhave on the
forest community structure within the watershethcludingthe incidence of invasive species, pests and
disease



Results

Temperaturet

Generally in Marylandemperature ispredictedto increase by about 3.6 degrees Fahrenh#) py

2050 and by as much aS%9n summer by 2100Boesch 2008Regardless of emissions scenariadals
project an additional ZF of warming by 202% et ky 2050, a differencéegins to emergén winter

versus summer temperaturegepending on the emissions paBoesch 2008)JnderRCP 8.5,
temperatures are projectetb increase sharply after midentury, compared to RCP 4.By210Q the
difference between théwo scenarios is striking. Even more, summertime warming is projected to be
greater in Western Maryland because the area will not receive the moderating mefuef the ocean
(Boesch 2008).

While the likelihood of warming is high, the exact magnitude of the amount of increases is less so. Yet,
y2yS 2F GKS Y2RSLABXPYARDOK! aBSadaNsSyd 2F /tAYIGS
was based projected less thaPfFof warming in the summer by 2100 (Boesch 2008).unlikely that as

years progress, each year will be warmer than the precedinglostead, i ismore likely there will be

months and even years that IWMbe cooler on average thamurrent seasonal normsiowever, bcusing

on average temperatures over long periods, as this report and model do, illustratetethpératures

continueto warm in all emissioscenarios.

Monthly Average of Surface Air Temperature
RCP 4.5 RCP 8.5

7\
777 N\
7 N\
/4 A\
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21 2 3 45 6 7 8 9 1011 12
1950-2005 2025-2050 2050-2074 e 2(75-2099
Figure2: Monthly average of surface air temperature for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenarios. T

of 70 CMIP5 models indicated by the bold lines and the upper boundaries of the standard deviations are indicated by -
lines.

As of 2014, the CMIP5 models suggest that the average surface air temperatures for the winter months
of December, January and February under both emissions sceisamzroximately 35.6 °F (2.0

*The average surface air temperatures presented in our analysis are absolute and presented in degrees Celsius
The format in the body of the paper will be ° F followed by its equivalent in Celsius in parentbesesodel
is broken down into the four seasonal groupings.



2025, average temperature could increasdightly to 37.4°F (3 . By 2100 there is a projectéucrease
to 41°F (5 Gunder RCP 8.5. Mle there is little change between 2025 and 2050 under both scesario
there is potential for a 3.9 increase between 2050 and 2100 in a high emissions situation.

For the spring months of March, April and May, temperature was approximate§f (11 C) under

both emissions scenarias 2014 By 2025there ispotential for temperatures to increase to 53.6 °F (12
C) under both scenarioBinderRCP 8.8emperatures may bapproximately57.2 °F (14 C) in 2050 and
may rise to 60.8 °F (16 C) by 21T8ere ipotential for a 1.8 °F increase between 2025 and 2050 under
RCP 4.8Under higher emissions, there is potential 8.6 °Fncreasebetween 2025 and 2050 as well
as between 2050 and 2100.

For the summer months of June, July and Augthe model suggests th#tte temperature in 2014 was

73.4 °F (23 C) under both emissions scenarios. By 2025, temperatarpsojected to ris¢o 75.2°F (24

C). UndeRCP 8.5emperaturegnaysharply rise to 82.4 °F (28 C) by 210tre is the potential for a

1.8 °F increase between 2025 and 2050 under both emissions scenarios and a much larger increase of
5.4 °F between 2050 and 2100 under l@gémissions.

Seasonal Average of Surface Air Temperature

Winter (DJF) Spring (MAM)
10 18
9 ° o Q
% 0 N N~ T 1 % 13 1 ~ -
-5 8 T T 1
1950 2000 2050 2100 1950 2000 2050 2100
Summer (JJA) Fall (SON)
31 20
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Figure 2.2Seasonal average time series of surface air temperature for RCP 4.5 (blue) and RCP8.5 (red) scenari
average of 70 CMIP5 models is indicated by the main lines and their standard deviations are indicated by the thinner
upper ard lower lines.
For the fall months of September, October and November, the temperature was approximately 55.4 °F
(13 Cunder bothscenariosn 2014 In 2025, the temperature under both projected to be 57.2 °F (14
O. UnderRCP 8.5 in 2050, temperature is projected to reach 60.8 °F @r@l&eadily increase to
approximately66.2 °F (19 C) by 2100Dhereis the potential for a 1.8 °F increase between 2025 and 2050



underRCP 4.5 36 °F increase between 2025 and 2050 and a 5.4 °F increase from 2050 to 2100 under
a higher emissions scenario.

For all four seasons, under both emissions scenarios, the maximum and minimum surface air
temperature closely parallel each other until 205@. whtil this divergence point, maximum and
minimum temperatures slowly but steadily increase to temperatures in 2050 thabaraverage3.6 °F
more than maximum and minimum temperatures currently in 202ter 2050, maximum and
minimum temperaturesinder RCP 4.5 continue to slightly increase but generally level off, whereas
maximum and minimum temperatures under the RCP 8.5 higher emissions scenariodmredsmore
steeply and rapidly

Precipitation

The Frederick City Watershed and other wateidd of Frederick County provide an abundant water
supply to The City of Frederidhowever, this abundance can fluctuate as seasonal precipitation
historically varies throughout the course of a year (Frederick County Planning Commission 2010). In the
pastdecade, Maryland has experienced both its wettest and driest years on record (BoeschtZ808).
predictedthat in a dry year in the Blue Ridge foothills, where the Fishing Creek Reservoir of The
Frederick City Watershed lies, the total water availabilibuld be reduced to half of that of an average
year (Frederick County Planning Commission 2010). As climate change continues, it is possible record
precipitation and drought events could occur more frequently. One report suggests Maryland will likely
expeaience overall increased precipitation throughout the year, but with greater seasonal variability
(Boesch 2008). For example, over the course of the next century the historically driest months of the
year are expected to remain dry while more rainfallyagl as more rain per rain event, is expected in

the wettest months, specifically during the winter (Boesch 2008). Current emission scenarios for
Maryland suggest a-B0 percent increase in storm events with o¥iee inches of rain by 2100 (Boesch
2008).

The models show little variation in precipitation between the two emission scenarios during the fall.
Summer precipitation, which does not vary between emissions scenarios, increases by 0.19mm/day
(compared to the baseline) in the earlier part of tentury (2025 to 2050) and by 0.30mm/day by the
end of the century (2072099). This suggests the difference in the amount of emissions in the two
scenarios has little effect on the amount of precipitation. Both scenarios show the greatessstill

small change in rainfall over the course of a century in winter and spring, with an increase of
approximately 0.26mm/day from 2025 to 2050 (compared to the baseline) and an increase of
0.39mm/day by the end of the centufpetween 2075 and 2099 the RCP 4.8missions scenario. The
models predict the highest increases in rainfall during the wiritat the highest levels of rainfall (in
mm/day) in spring by the end of the centugiven thatclimate change predictions for Maryland
suggest more sporadic, intea rain events, it is likely that the increases in mm/day expressed by these

® This 3.6 degree F diffemee holds true in all instances



Monthly Average of Precipitation
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Figue 3: Monthly average of precipitation for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenarios. The average
CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are indicated by tks.t

models will not be distributed evenly across months or seasons and will likely result in stamger
more frequent rain events, rather than consistent precipitation over time.

Snow WaterEquivalence

Predictions made by the Maryland Commission on Climate Change reveal a reduction as great as 50
percent in snow by the year 2100 (Boesch 2008grefore, i stands to reasothat there will be less

snow to feed the rivers as it melts into tlspring (Boesch 2008). Because precipitation is expected to
increase in winter, the decrease in snow volume reflects a shift from snow to rainfall, most likely due to
warmer temperatures. The CMIP5 models show a significant drop in snow water equivaliegt dur

winter months from the latter part of the 2bcentury to the end of the Zlcentury for both emission
scenarios. Under the RCP 4.5 scenario, snow water equivalent decreases by 1.66mm in the first half of
the century (2025 to 2050) and decreases BAthm by the end of the century. In the case of RCP 8.5,
snow water equivalent decreases by 1.71mm from 2025 to 2050 (compared to the baseline) and
decreases by 2.62mm between 2075 and 2099. Decreases in spring snow water equivalent are much
smaller, fluctating between 0.18mm and 0.36mm over the course of the century, for both emission
scenarios.

The models also show great variation between years. While the overall trend for snow water equivalent
is decreasing, the models showed a few years in the latiergf the century where snow water

equivalent for the RCP4.5 scenario equals that of the latter part of tfle@6tury. Both scenarios,

however, level out to a consistentimm of snow water equivalent a year as they approach 2100.

Spring snow water equivalent levels were historically low, fluctuating between 0 and 1mm from 1950 to
2000. The RCP4.5 shows a cordiian of this fluctuation until about 206@vhere it then levels out to
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Omm each year. ThRCP 8.5 emissions scendeweelsout near Omm of snow water equivalent per year
after 2000Q

Monthly Average of Snow Water Equivalent
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Figure4: Monthly average of snow water equivalent (*) for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenarios.
average of 31 CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are igc
the thin lines.

Runoff and Soil Moisture

Surface runoff occurehen precipitation does natompletelypermeate into the ground and excess
water runs across the surfacheteorological factors affecting runoff include the typlepoecipitation,

the intensity, and the amount and duration of the event. Some of the main physical characteristics that
affect runoff whenconsidering the future effects of climate change are land use, vegetation, soil type,
drainage area and drainage network pattefSGS, 2014)and use change can be particularly
problematic as urbanization increases. Impervious surfaces such as n@éldsbuildings and parking

lots prevent water from being absorbed into soil, allow large amounts terestteams rapidly and
deposit sediment, nutrients and other pollutants into waterwalyarther urbanization in the Frederick
City Watershedalong with increased use of forest traigill increase runoff and contribute to the
degradationinthe qualityd G KS OAGeQa & GSNJ a2 dzZNOS

In analysis of th€MIPXclimate change models and those of tliterature review precipitation is

expected to changr andmore specifically ineraset duringthe winter seasoriBoesch, 2008)his
increase in precipitation has implications for the amount of rufi@in The City of Frederick,

particularly in the likely event that theumbers of impervious surfaces in the area wiréncrease
Additional runoff in the winter and spring montisikely to result in more frequent flash flooding,
degradation in water quality and increased nutrient depositibhe RCP4.5 scenario of runofthe
CMIP5models of the winter seasonvhich has a baseline of 47.93 nshpw an incease of 10.37 mm in
fifty yearsand 13.50 mm in seventiive yearsAlternatively, the RCP8.5 scenario predictions range from
13.61 mm to 20.15 mm in fifty and severtye yearsrespectively.
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Another variable connected to runoff is soil moistuyet,soil moisture likemany other variablesyill

be difficult to predict due to the complexity of multiple intersecting factors, such as temperature, water,
or carbon dioxide concentratior(8oesch, 2008heCMIP5limate models shows little change in soll
moisture as a result of climate change effeétsmall increase in soil moisture conteatexpected

during the winter seasodue to increases in precipitatio®pecifically, th&CMIPEclimate models show

an inaease in soil moisture, with a RCP8.5 scenario prediction of 5.80 mm in fifty years and 8.97 mm in
seventyfive years during the winter months

Monthly Average of Surface Runoff
RCP 4.5 RCP 8.5
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Figure5: Monthly average of surface runoff and baseflow for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenario
average of 31 CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are inc
the thin lines

According to the literaturehoth severely reduced soil moisture and highly saturated soils can produce
negative effects, particularly when considering run@bt & Benites, 2004)Based on the CMIP5

climate change modelsréderick will not experience either end of these extremes. The Frederick City
Watershed is expected to see minimal effects of soil moisture at its highest increase, which is during the
winter months underthe RCP8.5cenariothe Watershed wouldeea 5.80-8.97 mm increase. This

trend differs during the summer months, in which the CMIP5 models predict a decrease of 4.26 mm and
4.51 mm in fifty and sevendfive yearsrespectively. This is liketpnnected in part,to increases in the
evapotranspiratn of natural vegetation that the CMIP5 predicts. Howeseil moisture is affected by
multiple factors, so it is likely that other variables affect these data as well.

Evapotranspiration, Vegetation Potential andVind

The Maryland Commission on Clim&hange expects modest increases in precipitation during winter
and spring, but throughout the year rain is expected to fall in fewer events of a more extreme nature,
particularly during summeApart from precipitation, the most significant componenttbé hydrologic
budget is evapotranspiratigrevaporative losses from surfaces and plaigapotranspiration varies

12



regionally and seasonally; during a drought it varies according to weather and wind con¢fitamson,
1991)

Although rainfall in summer is expected to increase slightly, simultaneous increases in summer
temperatures will result in greater evaporative losses, rendering the overall net change of water
available (to plants) during summer close to zero. Howedreryghts lasting for several weeks during
summer are likely to be more common (Boesch, 2008).MéPclimatemodels predict increases in
evapotranspiration from plants during summer periods, tapering to slight decreases during winter. Both
the RCP4.5 ahthe RCP 8.5 scenarios increase average evapotranspiration at least 7 percent in the
spring, 4 percent in the summer and 7 percent in thedaling20252049 Between the year2075

2099 evapotranspiration is expected to increase bylBlpercent in tle spring, 78 percent in the
summer and 137 percent in the fall. Thiorecasts of potentiahatural vegetation evapotranspiration
as well as th@otential open water surface evapotranspiratipfall in line with the same trendsf an
increasednonthly average actual evapotranspiration.

Under the CMIP5 climate models, monthly averaged speeddoes not vary with any significance.

Monthly Average of Actual Evapotranspiration
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Figure6: Monthly average of actual evapotranspiration for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenarios. Tt
of 31 CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are indicated by tl
line

However, the forecast and prgtion tables have been included ippgendixA for reference purposes.

Discussion

Climate change is dynamic, with realized outcomes dependent upon the relationship between all the
different variables previously described in this report. Overall réselts showed a significant increase
in temperature which would drive seasonal changes in the duration and quantity of precipitation,
evapotranspiration, soil moisture and runoff. Changes in these variables translate to specific
implications for the Fred&ck City Watershed ecosystem:
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Variable: | Temperature | Precipitation| Snow Water Runoff Sall Evapotranspiration

Equivalent Moisture

- Significant - Overall - Significant -Increase in winter | -Small -Significant increaseg
Model increase across| increase decrease over and spring increases in fall, spring and
Results: | seasons over | -Greatest time during winter | symmer

time increases in | -Annual variation -Greatest increases

-Scenarios winter and in fall and spring

differ in latter spring

half of the

century

Tablel Summary of results based on the RCP 4.5 and RCP 8.5 modelling scenarios

Temperature

Projected increases temperatureK | @S 1LJl2aaArAof S 02y aSljdsSy0Sa F2N ¢KS
water supplyIn winter months, increasesurface aitemperatures will cause a shift in precipitation

from snow events to rain eventéverage surface air temperatures will most strongly manifest

themselves, however, in summer months through more intense heat, hunaditythe presence of

more frequent heat wavesThe number oflays with temperatures above #is anticipated to double

by 2100 under the business-usual emissions scenario and triple under the high emissions scenario,

where nearly all summer days wowddceed 90°F in an average summer (Boesch 2Qu8jently, heat

waves tend to be of limited duration, however, longer lasting heat waves are likely under high emissions
scenarios (Boesch 2008)

Changes in average surface air temperatures as a resuitr@fte change have the potential to affect

¢tKS /AG@ 2F CNBRSNAO]1 Q& RNAYlAy3d 4 GSNJ adzLJLyd & oe@
availability, 2) increased algal blooms from toxins and disinfection byproducts, 3) increased raw and
finishedwater temperatures that would involve treatment changes and 4) increased water demand for
irrigation (Maryland Department of the Environment, 2012)

Precipitation and Snow Water Equivalence

While increases in precipitaticone may not seem large based on the CMIP5 models, these changes
must be combined with other factorsuch as increased water demands as well as changes in
temperature, soil moisture and runoff. Similarly, it is important to note that the average dailyases

in precipitation expressed by the models do not show the distribution or timing in rain events. &ased
the CMIP5 models for snow water equivalence, there will likely be a significant drop in snow water
equivalent during winter months from the kerr part of the 28" century to the end of the Zicentury

for both emission scenarios, implying that there will be an increase in winter rainfall events. In the likely
case of more intense sporadic, increased rainfall events that are predicted foratieectMaryland

*CNRY . 2S853a0K H nmsfovincreasifig$heat ddRandténiperature extremes are likely, with
moderate confidence
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(Boesch, 2008), consequences may include increased runoff volume, erosion, changes in peak flows,
flooding, less water storage due to sedimentation, or changes in the Fishing Creek Reservoir habitat
(Furniss et al. 2010). Dry periods inWween those rain events would affect groundwater recharge and
reservoir water supply, especially during high demand summer season (Boersch 2008, Furniss et al.
2010).

Despite the fact that 7@ercentof the Fishing Creek Watershed is protected by at |68snheters of

riparian buffer, 9ercent2 T G KS 6 6 SNEKSRQa 0| yercantofitievdtersiddf R S NP
area is considered poorly protected from storm water events (Versar, Inc. 2013). The volume and rate of
intense rain events could erode thanks of Fishing Creek and deposit sediment into the stream and
reservoir, reducing the water quality (Versar, Inc. 2013). This is a threat to fish, whose gills can become
clogged from the influx of sediment (Versar, Inc. 2013). The possible effectsngfeshin the timing and
volume of flows and turbidity on infrastructure such as the Fishing Creek Dam and Lester Dingle WTP
should also be considered. The Lester Dingle wastewater treatment plant, for example, can process 1.7
million gallons of water peral (Boesch 2008). If, however, turbidity levels reach 2.0 NTU or if flows are
too low, the water cannot be used or processed by the water treatment plant (Water Supply Program
Water Management Administration). These limitations must be taken into accoitimthe predicted

changes in hydrology to determine their implications for the Fishing Creek Watershed spegciinchlly

the Frederick City Watershed more generally.

Runoffand Soil Moisture

It is imperative that increased runoff be takerio consideratiorin order to protect the water qualitpf

the Frederick City Watershedspecially during the winter and spring monthisere the CMIP5 models

have predicted significantincreasesk Ay i F AyAy3a (GKS F2NBalQleakesSI f G K 6A
surrounding theFrederick City Watershezbntinues to be developed, as this will increase the number of
impervious surfacedurther exacerbating the issues of stomrater runoff Taking action to protedhe

forest area from habitat loss due tndreasedoad expansiontrails, and housing development will

improve forest healttand contribute to the absorption of runofimitigatingthe negative impacts of

impervious surfaces.

Another variable connected to runoff is soil moistuléant productiorpotential, rainfall runoff volume,

soil conservation and watershed management are just a few of the relevant factors affected by the

availability of soil moistur@USGS, 2013) t I yi alLIJSOASa I NB RabNgtQabsod | FF SO
and store waterthe less it absorbs, the higher amount of runoff will be produdesidiscussed

previously, forest health and the reduction of surface runoff are important factors to be considered in

the management of th&rederick CityVatershed both of which are linked to soil moisture.

Evapotranspiration, Vegetation Potential and Wind

As climate change progresses in the region in the coming decadds, XidBdcaystems are likely to
experience a change in species compositidrile undergoing increased drought stress and pest
outbreaks These changesould reduce the water quality provided by the watershed (Pannill & Eriksson,
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2005) (Boesch, 2008). TEMIPS climatenodels predict increases in evapotranspiration from plants
duringthe spring, summer and fadleasonstesultingin increased drought stress on canopy tree species
during summer Theincreasedainfall during the wintewill offer little benefitto vegetationdue to

winter dormancy. With the forest under cyclical mefs of drought stress during the summer, the trees
will be more susceptible to outbreaks of pests and disease (Boesch, 2008).

Il A202NROFffes GKS OAleQa F2NBad SOz2aeaidSy Kl a adzF
moth infestation Lymantria dispal), an exotic invasive species (Pannill & Eriksson, 2005). The changing

climate is expected to increase the frequency and severity of gypsy moth outbreaks (Simberloff, 2000)
Eastern hemlocks in the watershed may also be under increased préssurélemlock woolly adelgid

(Adelges tsugae a pest that is currently limited in the region by cold winter temperatures (Boesch,

2008) A smaller number of frost days could support the infiltration of other forest pest species as well

(Boesch, 2008 hecreation of open, sunny areas within the watershed through tree death and logging

is cited as the primary mechanism for the spread of invasive plant species in the forest (Miller, 2014).

Wildfires too have been a historic cause of widespread stand nityrtaithin the watershed (Pannill &
Eriksson, 20057 he Maryland Commission on Climate Change predicts that these too will increase with
climate change (Boesch, 2008Jthough the model suggests that average monthly wind speed will
remain constant, thiss contradicted by the Maryland Commission report, which posits an increase in
the number of severe wind storms, ice storms, as well as heavy precipitation events (Boesch, 2008).

Stress from heat waves, seasonal drought, wind storms, ice storms &iotegiwill weaken thability

of trees b fight diseases and pests, awidl likely cause mortality within the forest, creating gaps of
open sunny areas (Boesch 2008)the short term following stand mortality under a climate with more
heavy precipitatiorevents, water quality within the watershed would declihess water would be
infiltrated and filtered by the soil through living root systems, resulting in more water running off with
greater turbidity due to erosionThere would also be greater pulselswater during flood eventgather
than evenly spread out over a seastonger periods of dry streams would result in a decline in
numbers of brown trout, brook trout and other fish (Boesch, 20083ll, the fores® ability to regulate
the water cyclavould be hampered (Boesch, 2008)

The occurrence of wildfire and gypsy moth outbreaks in the past have resulted in the current stand
composition of the watersheane dominated in many areas by red maple, black gum and black birch
(Pannill & Eriksson(0B5). According to the Maryland Commission, the mapézchbirch forests of
western Maryland are likely to be replaced by dagkory type forests with a more dominant pine
component, currently typical of areas in eastern Virginia and North Car@mesch, 20080ther

species ranges might shift northwards (or merely upwards in elevation within the watershed) to be
replaced by moresouthety species (Boesch, 2008pecies with limited dispersal ability and highly
specific habitat requirements (suels rare wetland plant species found within the watershed) are likely
to go locally extinct (Boesch, 200Bare orchid species found within the watershed have already
experienced precipitous declines in numbers (Knapp & Wiegand, 2014) and therefore onaghibe to
mount an effective response to climate chan@iven the fragmented nature of natural ecosystems
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within the region due to urban, suburban and agricultural development, the possible movement of
species in response to climate change will likehhampered (Boesch, 2008)his makes the watershed
all the more important as a refuder intact ecosystems with topographical variability and physical
continuity to other preserved areas in the regidihe effects of climate change on the dynamics and
interactions within and among complex ecosystems are uncertain and difficult to quantify, but is likely
to reduce overall biodiversity on a human timescale (Thomas et al, 2004).

Management Recommendations
The following management suggestions are importaraddress the issues described in this report:

1. Create a Frederick Municipal Forest Water Balance Model
A water balancing model could capture the total impact of changing water availability
and changing future demand. This tool could better predict whefisting Creek
Reservoir has the capacity to meet future population water demands while also
maintaining its ecosystem functio(¥in & Yang, 2011)

2. Incorporate regional water management and storage strategies
With the likelihod of increased heavy, infrequent rain events over the course of the
century, as well as reduced water availability from higher demand, it is important to
determine whether current reservoirs have the capacity to store added precipitation.
This is especiglimportant for dry summer months when demand is high. Using a water
balance model from management suggestion 1 could, for example, determine if Fishing
Creek Reservoir has the capacity to hold water from heavy rain events over to periods of
dry spells. IFishing Creek or other watersheds in Frederick County do not have this
capability, it would be of interest to invest in water storage infrastructure or
technologies.

3. Storm Water Management
DA@SY G(G(KS SELISOGSR AyONBlFasS Ay KSIFge NIAy ¢
vulnerability to erosion, management techniques to reduce erosion and turbidity should
be implemented. Strategies to address flows and their impacts on the Lester Dingle
Water Tratment Plant should require attention as well.

4. Monitoring of water quality
Because of likely increases in runoff in the form of sediment and nutrient loads combined
with increased temperatures, water should be monitored to anticipate water quality
issuesand mitigate these issues early emproved and continuous monitoring of all
NBaSNB2ANER (GKFG ONBFGS CNBRSNAO] Qa8 RNAY]AY-S
impairments to source water quality, inform operational decisions and plan for any
modifications to system facilities. Lastly, because temperature changes may lead to

17



changes in the treatment processes necessary to supply adequate drinking water,
Frederick should be ready to increase and improve treatment capability if necessary.

5. Prepare andnonitor for increased pest outbreaks
The changing climate of the Frederick Municipal Watershed forest is expected to
increase the incidence of drought and heat stress, pest outbreaks and wildfires, which
could result in the infiltration of invasive plaspecies as well as the eventual
naturalization of native plant species whose ranges are currently further south (Pannill &
Eriksson, 2005) (Boesch, 2008). It is therefore important that managers anticipate these
changes, adapt strategies to deal with themd hopefully maintain the range of
services that this ecosystem provides to both humans and wildlife. It would also be
important for water managers who are responsible for planning and adjudicating the
distribution of water resources to have a thorougtderstanding of the
evapotranspiration process and knowledge about the spatial and temporal rates of
evapotranspiration.

The drinking water supply system of The City of Frederick will be better prepared for the anticipated

changes in surface air temperagyrsoil moisture, runoff, precipitation, snewater equivalent and
evapotranspiration if the City commits to an ongoing process of assessing its vulnerabilities and

developing and implementing appropriate measures to lessen expected impacts. The suggested
YEYyF3SYSyid YSIEadaNBa NS GK2aS GKFG gAff adNBy3aaks
will be continually able to provide adequate supplies under both current and potential future climate

change conditions.
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Appendix A: Additional Climate Variable Graphs

Maximum Surface Air Temperature
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Figure 7: Monthly average of maximum surface temperature for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenarios. The
average of 70 CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are indicated by

the thin lines.
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Figure 7.2: Seasonal average time series of maximum surface temperature for RCP 4.5 (blue) and RCP8.5 (red) scenarios.
The average of 70 CMIP5 models is indicated by the main lines and their standard deviations are indicated by the thinner

upper and lower lines.
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Minimum Surface Air Temperature
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Figure 8: Monthly average of minimum surface temperature for four periods for RCP 4.5 (blue) and RCP&.5 (red) scenarios. The

average of 70 CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are indicated by
the thin lines.
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Figure 8.2: Seasonal average time series of minimum surface temperature for RCP 4.5 (blue) and RCP8.5 (red) scenarios. The

average of 70 CMIP5 models is indicated by the main lines and their standard deviations are indicated by the thinner upper
and lower lines.
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Seasonal Average Precipitatiod& Snow Water Equivalence
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Figure 9: Seasonal average time series of precipitation for RCP 4.5 (blue) and RCP&.5 (red) scenarios. The average of 70
CMIP5 models is indicated by the main lines and their standard deviations are indicated by the thinner upper and lower

lines.
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Figure 10: Seasonal average time series of snow water equivalent* for RCP 4.5 (blue) and RCP&.5 (red) scenarios. The
average of 31 CMIP5 models is indicated by the main lines and their standard deviations are indicated by the thinner upper

and lower lines. *Snow water equivalent in snow pack, state 1st day of month (mm).




Seasonal Average Surface Runoff
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Figure 11: Seasonal average time series of surface runoff and baseflow for RCP 4.5 (blue} and RCP8.5 (red) scenarios. The

average of 31 CMIP5 models is indicated by the main lines and their standard deviations are indicated by the thinner upper

and lower lines,

Soil Moisture Content
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Figure 12: Monthly average of soil moisture content (*) for four periods for RCP 4.5 (blue) and RCP8.5 (red) scenarios. The

average of 31 CMIP5 models is indicated by the bold lines and the upper boundaries of the standard deviations are indicated by

the thin lines. (*) Soil moisture content, state 1st day of month (mm).
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Figure 12.2: Seasonal average time series of soil moisture content (*) for RCP 4.5 (blue) and RCP8.5 (red) scenarios. The
average of 31 CMIP5 madels is indicated by the main lines and their standard deviations are indicated by the thinner upper

and lower lines. (*) Soil meisture content, state 1st day of month (mm).
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Figure 13: Seasonal average time series of actual evapotranspiration for RCP 4.5 (blue) and RCP3.5 (red) scenarios. The
average of 31 CMIP5 maodels is indicated by the main lines and their standard deviations are indicated by the thinner upper

and lower lines.
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Figure 14: Monthly average of natural vegetation potential evapotranspiration for four periods for RCP 4.5 (blue) and RCP8.5
(red) scenarios. The average of 31 CMIPS models is indicated by the bold lines and the upper boundaries of the standard

deviations are indicated by the thin lines.
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